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The response of a H-PDLC device is improved by means of a two-step method. First, component optimization—initiator system,
crosslinker, and cosolvent—enables the diffraction efficiency of the hologram to be maximized. Second, the use of N-methyl-2-
pyrrolidone in combination with N-vinyl-2-pyrrolidone prevents the overmodulation in photopolymers containing ethyl eosin.
1. Introduction
Nowadays, photopolymers are used in holographic applica-
tions due to their properties: higher diffraction efficiencywith
an acceptable energetic sensitivity. They are easily made at a
reduced cost and have great flexibility as holographic record-
ingmaterials [1–4].The incorporation of liquid crystals adds a
special characteristic—the capacity to vary the electrooptical
properties by means of an electric field. The liquid crystal
molecules add optical anisotropy to the photopolymer, and
therefore it is possible to change the photopolymer response
modifying the electric field applied [5–10].
Holographic polymer dispersed liquid crystals are known
as H-PDLC. They are made by holographic recording in
a photopolymerization induced phase separation process
(PIPS) in which the liquid crystal molecules diffuse to dark
zones in the diffraction grating where they can be oriented
by means of an electric field. The orientation of the liquid
crystal produces a refractive index variation which changes
the diffraction efficiency. Therefore, the grating develops a
dynamic behavior that may be modified by means of an
electronic device. In this manner, it is possible to make
dynamic devices such as tunable-focus lenses, sensors, phase
modulators, or prism gratings [11–17].
There are many starting criteria for photopolymer opti-
mization: high or low diffraction efficiency, energetic sen-
sibility, low scattering, and so forth. The objective of a H-
PDLC material is to act as a support for an electrooptical
dynamic device. Bearing this inmind, thematerial must have
the following properties: low thickness for a low electric field,
high diffraction efficiency in order to obtain a wide range of
responses when the electric field is applied, and low scattering
to prevent optical deformations. In order to achieve these
properties, we propose a two-step method that may help
other researchers to obtain an optimizedmaterial quickly and
easily. This optimization method takes into account all the
previous considerations.
Thefirst step is to optimize the component concentrations
so as to obtain a highmaximumdiffraction efficiency (DEmax)
during the recording of the diffraction grating. Initially,
the monomer, liquid crystal, and thickness of the layer are
selected.The liquid crystal concentration is then set to a fixed
value and the concentrations of dye, initiator, crosslinker, and
cosolvent are optimized in order to obtain a high DEmax. The
variation in each component concentration within a specific
range allows the influence of that particular component
on the photopolymer to be studied. The components are
optimized in the following order: dye, initiator, crosslinker,
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Table 1: Viscosity of the liquid components at 20∘C.
Component Viscosity 20∘C (mPa s)
DPHPA 16000
BL036 23
OA 5
NVP 2.4
NMP 1.67
and cosolvent. When the adequate dye concentration is
obtained, the initiator concentration is optimized and so on.
In the second step, the electrooptical properties of the
optimized composition with a high DEmax are evaluated. We
use N-methyl-2-pyrrolidone (NMP) in combination with N-
vinyl-2-pyrrolidone (NVP) since the first additive prevents
the overmodulation and this improves the electrooptical
response of the device. Thus, we optimized the behavior
of the device without detriment to the DEmax optimization
achieved in the first step. NVP is a standard component in
H-PDLC materials but we found that NVP and NMP have a
complementary function in photopolymers with ethyl eosin
as dye.
2. Experimental Section
The monomer used was dipentaerythritol penta-/hexa-
acrylate (DPHPA) with a refractive index 𝑛 = 1.490. We used
the nematic liquid crystal Licristal BL036 from Merck. It is
a mixture of 4-cyanobiphenyls with alkyl chains of different
lengths. It has an ordinary refractive index 𝑛
0
= 1.5270
and a difference between extraordinary and ordinary index
Δ𝑛 = 0.2670 [18]. There is a difference of 0.037 between the
ordinary refractive index of the liquid crystal and that of the
monomer. This implies that the minimum DE will not reach
zero when an electric field is applied to the device. But this
difference will be less if we consider that 𝑛 > 1.5 for the
prepolymer syrup according to the data included in [19] and
may be close to 1.52 for the polymerized material according
to the previous experiments performed with photopolymers
that contain the same monomer [20].
The liquid crystal concentration was set at 28wt% as
the starting point for component optimization. This value
falls within the optimum interval obtained by Liu in [19]
and remained practically unchanged during the component
optimization.
N-Vinyl-2-pyrrolidone was used as crosslinker, N-phenyl
glycine (NPG) as radical generator, and octanoic acid (OA) as
cosolvent [5].Weused ethyl eosin (YEt) as dye due to thewide
experience of our research team in hydrophilic photopoly-
mers with yellowish eosin [21]. N-Methyl-2-pyrrolidone is
used in combination with NVP in order to control the
overmodulation during the hologram recording.
Table 1 shows the viscosity of the liquid components at
room temperature.
The concentrations of dye, initiator, crosslinker, and
cosolvent were optimized in order to obtain a high DEmax.
The components were optimized in the following order: dye,
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Figure 1: Scheme of the H-PDLC device—1: glass plate, 2: ITO coat-
ing on glass plate, 3: electric connection zone, 4: glass microspheres,
5: polymer rich zone, and 6: liquid crystal rich zone.
initiator, crosslinker, and cosolvent. The results are included
in the following section.
The prepolymer solution was made by mixing the com-
ponents under red light where the material is not sensitive.
The solution was sonicated in an ultrasonic bath, deposited
between two conductive ITO glass plates 1mm thick, and
separated using ∼13 𝜇m glass microspheres. The device was
exposed to a laser beam (𝜆 = 532 nm) in a holographic
setup in order to record a diffraction grating in the pho-
topolymer layer. A photopolymerization reaction takes place
in the bright zones of the diffraction grating and a highly
reticulated polymer network is generated. The liquid crystal
molecules diffuse to the unexposed regionwhere they remain
as droplets.
After recording, the diffraction grating in the H-PDLC
is reconstructed (𝜆 = 633 nm) and the diffraction efficiency
obtained. The device with the optimized composition is
exposed to a variable electric field in order to evaluate the
electrooptical properties that the liquid crystal introduces in
the photopolymer. We consider a bipolar square waveform,
which is generated by a waveform generator connected to a
voltage amplifier [5]. Figure 1 shows a scheme of the H-PDLC
device.The polymer rich zone and liquid crystal rich zone are
separated in the graph but the polymer network penetrates
into the liquid crystal rich zones.
2.1. Holographic Setup. We obtained diffraction gratings
using a holographic setup to study the behavior of these
photopolymers as a holographic recording material. The
experimental device is shown in Figure 2. An Nd:YAG laser
tuned at a wavelength of 532 nm was used to record diffrac-
tion gratings bymeans of continuous laser exposure.The laser
beam was split into two secondary beams with an intensities
ratio of 1 : 1. The diameter of these beams was increased to
1 cm bymeans of lens, while spatial filtering was ensured.The
object and reference beams were recombined at the sample
at an angle of 16 degrees to the normal with an appropriate
set of mirrors, and the spatial frequency obtained was 1036
lines/mm. The working intensity at 532 nm was 7mW/cm2.
The diffracted and transmitted intensity were monitored in
real time with aHe-Ne laser positioned at Bragg’s angle (19.1∘)
tuned to 633 nm, where the material does not polymerize.
The diffraction efficiency was calculated as the ratio of the
diffracted beam (𝐼
𝐷
) to the incident power (𝐼
0
).
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Figure 2: Experimental setup. BS: beamsplitter, Mi: mirror, SFi: spatial filter, Li: lens, Di: diaphragm, Oi: optical power meter, PC: data
recorder.
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Figure 3: Transmission spectrum for the H-PDLC containing YEt
dye.
3. Results and Discussion
3.1. Dye Optimization. Figure 3 shows the transmission spec-
trum before recording H-PDLC layer containing YEt dye.
The minimum transmittance is placed into the interval 525–
550 nm.The wavelength of the laser recording is 532 nm.
Standard photopolymers without liquid crystals such as
poly(vinyl alcohol)/acrylamide materials or acrylic polymers
usually contain monofunctional and optionally bifunctional
reactive monomers. These materials need a relatively high
monomer to polymer conversion in order to reach a high
diffraction efficiency. Therefore, sufficient dye content is
necessary, bearing in mind that the typical xanthene dyes are
bleached during the photo-initiation process [21].
H-PDLC materials contain mainly polyfunctional
monomers in order to get an effective PIPS effect.
Polyfunctional monomers obtain a quick and high reticula-
tion of the polymer chains and therefore high refractive
index modulation at a lower exposure than standard photo-
polymers without liquid crystals. For this, the dye content in
H-PDLC materials must be very small.
In Figure 4 the concentration of the dye YEt is changed
in the range 0–0.7% normally used when a dye is optimized
in standard photopolymers. But this photopolymer is a H-
PDLC material, and thus we obtain better results with low
dye concentrations around 0.1% due to the polyfunctional
monomer. A low dye concentration is sufficient to polymerize
the polyfunctional DPHPA monomer and obtain a high
reticulation.
A DEmax = 67% is obtained with a dye concentration
of 0.05–0.1%. A concentration higher than 0.1% obtains a
progressively lower DEmax.
3.2. NPG Initiator. NPG is a standard initiator used in H-
PDLC materials. The NPG content must be sufficient to
produce the photoinitiation reaction between the dye and the
initiator. NPG is a solid substance and therefore a high con-
tent is related to an increase in viscosity of the solution. The
DEmax versus initiator concentration is shown in Figure 5.
A concentration of 0.85–1.51% obtains a DEmax = 62%.
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Figure 4: Dye content optimization.
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Figure 5: Initiator content optimization.
An excessive content of NPG affects the photopolymer
indirectly due to the increase in viscosity.
3.3. NVP Crosslinker. NVP is a liquid substance with low vis-
cosity (Table 1) that acts as crosslinker and chain terminator
agent. It is a reactive monomer and so not just a simple thin-
ner. It is a critical component in improving acrylate-based
H-PDLC materials by reducing the liquid crystal droplet
size. NVP causes an increase in the rate of polymerization
with increasing concentration. Formulations containing up
to 15wt% demonstrate complete NVP conversion [5].
Figure 6 shows DEmax versus NVP concentration. The
DEmax is not very sensitive to the variation in a specific
interval of NVP concentration. It is around 60% with a
NVP concentration of 13–20%. This result is very interesting
because we could modify the NVP concentration to change
the viscosity or to adjust concentrations when the electroop-
tical response is studied.
3.4. OA Cosolvent. OA is a standard cosolvent that helps to
homogenize the prepolymer mix preventing phase separa-
tion. This role depends on the specific components in the
photopolymer. OA also improves the thermal stability of the
prepolymer solution.
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Figure 6: Crosslinker content optimization.
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Figure 7: DEmax is slightly reduced when the OA concentration is
increased.
OA is a liquid substance with low viscosity (Table 1), and
therefore it decreases the viscosity of the prepolymer solution
and this implies a better diffusion of the components during
the PIPS process.
Also, it helps to obtain the adequate size of liquid crystal
droplets during the PIPS process. Additionally, OA acts as
a surfactant decreasing the driving voltage improving the
electrooptical dynamics of the H-PDLC device. OA forms an
intermediate layer between the binder and the liquid crystal
reducing the anchoring energy at the interface and favoring
the orientation of the liquid crystal molecules at a low voltage
[5].
In Figure 7, we obtain a DEmax = 65–67% with OA
concentration of 0–2%. Bearing in mind that OA is not a
reactive component, at high concentrations a low DEmax is
obtained, since the concentrations of the active components
are decreased due to the dilution effect.
A photopolymer without OA obtains a high DEmax =
67%—first dot in the figure. This implies a homogeneous
phase in the photopolymer for a recently prepared solution.
In this situation, OA is not necessary to obtain a homogenous
mix with the specific components of this formulation. But
this solution is unstable over time or when the temperature
changes.
The addition of OA in a percentage lower than 10%
prevents phase separation. With 2% OA the DEmax is slightly
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Table 2: Composition for photopolymers 1 and 2 in wt%.
Photopolymer DPHPA BL036 YEt NPG NVP OA NMP
1 48.4 29.2 0.1 1.5 16.4 4.4 0.0
2 46.9 28.3 0.1 1.5 15.8 4.2 3.1
improved. This is related to the low viscosity and surfactant
character of OA.
3.5. Effect of the Incorporation of NMP. Volume gratings
recorded in photopolymers follow Kogelnik’s equation (1)
[24] as follows:
DE (𝑡) =
𝐼
𝐷
𝐼
0
= Γ sin2𝜋𝑛1 (𝑡) 𝑑
𝜆
󸀠 cos 𝜃󸀠
𝑖
. (1)
In this equation Γ is the absorption, diffusion, and reflection
losses factor. 𝜃󸀠
𝑖
is the reconstruction beam angle (Figure 2),
measured into the material, which is calculated with refrac-
tion Snell law. 𝜆󸀠 is the reconstruction beamwavelength. 𝑛
1
(𝑡)
is the refraction index modulation and 𝑑 is the diffraction
grating thickness [25].
In layers with high value for the product 𝑛
1
(𝑡)𝑑 an index
refraction overmodulation takes place [26, 27]. The main
effect is the quick decreasing of the diffraction efficiency with
the exposure that affects negatively the performance of the
grating.
The H-PDLC devices with the compositions shown in
Table 2 are used as holographic media for the recording
of unslanted diffraction gratings. Photopolymer 1 has the
optimized composition obtained from the previous experi-
ments. Photopolymer 2 also has NMP and the component
concentrations are slightly changed to prevent a dilution
effect. The NMP wt% was increased from zero up to the
optimized value.
Figure 8 shows the DE versus exposure (𝐸) during the
hologram recording.
Photopolymer 1 starts an overmodulation at 110mJ/cm2.
This implies low diffraction efficiency at the end of recording
and a poor performance for the electrooptical response
(Section 3.6).
In the case of photopolymer 2 with NMP there is no
overmodulation and its DEmax is stable when the energy
exposure is increased. This allows a more complete diffusion
of the liquid crystal molecules to the dark zones when the
energy is increased. Therefore, NMP acts as an unreactive
solvent preventing overmodulation and allowing the best
result for the electrooptical response to be obtained.
Figure 9 shows the hologram reconstruction after record-
ing. Photopolymer 1 obtains a DEmax = 49% and photopoly-
mer 2 a DEmax = 62%.The lower value for photopolymer 1 is
due to overmodulation.
The angular response curves are fitted by an algorithm
developed by our research team based on the rigorous
coupled wave theory [22, 23]. The parameters obtained
are included in Table 3. The refractive index modulation
Δ𝑛 is similar for both photopolymers. The absorption and
scattering coefficient 𝛼
2
for photopolymer 1 is higher than for
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Figure 8: Overmodulation control in the photopolymer 2 during
hologram recording, photopolymer 1 without NMP and photopoly-
mer 2 with NMP.
Table 3: Parameters obtained from the fitting of the angular
response by means of the rigorous coupled wave theory detailed in
[22, 23].
Angular response fitting
parameters Photopolymer 1 Photopolymer 2
Refractive index
modulation Δ𝑛 0.0155 0.0154
Estimated optical thickness
(𝜇m) 22.0 22.2
Depth attenuation
coefficient 𝛼
1
(𝜇m−1) 0.0670 0.0450
Absorption and scattering
coefficient 𝛼
2
(𝜇m−1) 0.021 0.011
photopolymer 2 as a result of the overmodulation that takes
place with the former (Figure 8). The same occurs with the
depth attenuation coefficient 𝛼
1
.
3.6. Electrooptical Response. The devices are exposed to
an electrical field in order to evaluate the electrooptical
response. Figure 10 shows the electrooptical setup. It includes
a Tektronix TDS1012B oscilloscope (A), TektronixAFG3022B
dual channel arbitrary function generator (B), N4L voltage
amplifier (C), and an impedance control circuit designed
in our laboratory (D) to reach a high voltage avoiding the
protection circuit of the amplifier.
Figure 11 shows the relative diffraction efficiency (DE
𝑟
)
as a percentage versus rms voltage (V/𝜇m). We consider
the estimated optical thickness in Table 3. When the voltage
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Figure 9: Photopolymer 2 with NMP obtains a DEmax higher than photopolymer 1. The two smaller figures show the fitting of the angular
responses. Top right figure corresponds to photopolymer 2 and top left figure to photopolymer 1.
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Figure 10: Electrooptical setup: the upper arrow shows the diffrac-
tion when the hologram is reconstructed. The bottom arrow shows
the H-PDLC device plate with the electric connections.
is applied, the liquid crystal molecules are oriented in the
direction of the electric field. The index of the dark zones is
now higher than that of the bright zones due to the liquid
crystal fraction. Therefore the index modulation decreases
when the voltage increases.
For photopolymer 2 the decrease in DE
𝑟
is greater than
that in photopolymer 1 and this improves the electrooptical
response. For DE
𝑟
= 50%, photopolymer 1 needs a 𝑉rms =
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Figure 11: Relative diffraction efficiency versus rms voltage.
15V/𝜇m and photopolymer 2 a 𝑉rms = 13V/𝜇m.This differ-
ence could be explained by several reasons. First, the DEmax
stabilization of photopolymer 2 makes it possible to increase
the exposure energy and the liquid crystal diffusion to the
dark zones of the diffraction grating is improved. Second, the
viscosity of NMP is lower than that of the other components
of the formulation (Table 1). Therefore, photopolymer 2 with
NMP has a lower viscosity than photopolymer 1. Third,
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the polymerization rate of photopolymer 1 is higher than that
of photopolymer 2 (Figure 8) and this affects the LC droplet
size.
4. Conclusions
The optimization process carried out in this paper makes
it possible to obtain an improved H-PDLC material with a
sequence of experiments consisting of a small number of
steps and combines NVP with NMP in the same formula-
tion. The diffraction efficiency was optimized starting with
a specific monomer and liquid crystal. The liquid crystal
concentration was set at a specific value and the compo-
nents were optimized in the following order: dye, initiator,
crosslinker, and cosolvent. As a result of this process, the next
concentration intervals were obtained. This methodology
could be applied to other monomers and liquid crystals.
The NPG concentration may be between 1 and 1.5%
if the viscosity of the liquid layer must be regulated. The
concentration of NVP may vary within a wide interval (13–
20%) with only a small variation in diffraction efficiency.
This also allows the prepolymer viscosity to be modified
so as to adjust the electrooptical response of the device.
Moreover, the NVP variation enables the concentration of
any component to be adjusted without modifying the DEmax.
The OA concentration must be maintained at a low value
between 1 and 2% to obtain a high DEmax. OA concentration
higher than 6% implies a decrease in the DEmax due to
dilution.
The incorporation of 3% NMP in the H-PDLC formula-
tion leads to an improved result. It stabilizes the diffraction
efficiency curve preventing overmodulation during the holo-
gram recording.Thismakes it possible to obtain a highDEmax
and therefore a better performance in photopolymers with
ethyl eosin as a dye. Another interesting effect is related to the
electrooptical response: the photopolymer with NMP needs
a lower voltage to obtain the same decrease in diffraction
efficiency. This is an interesting aspect bearing in mind the
practical applications of these devices because less electric
power is necessary, and therefore it is possible to use simpler
equipment.
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